frame identified as SPCC417.07c in the fission yeast
mod20ϩ encodes a predicted 1115 amino acid protein (mod20p) with extensive predicted coiled-coil regions and similarity to Aspergillus nidulans apsB [16] (see below and also Experimental Procedures). Because one of the phenotypes of apsB mutants is a nucleardisplacement defect, we examined nuclear positioning in mod20⌬ mutants. Although wild-type fission yeast cells were able to maintain the nucleus in the middle of the cell, mod20⌬ cells were not ( Figure 1C ). Because nuclear positioning in fission yeast depends on the microtubule cytoskeleton [12] , we examined microtubule organization in mod20⌬ mutants by immunofluorescence. In fission yeast, interphase microtubules are highly dynamic, and what appears to be a "single microtubule" at the light-microscopic level is in fact a bundle of between approximately four and seven microtubules [11] [12] [13] . In wild-type interphase cells, three or four of these bundles are typically observed per cell, ending at cell tips ( Figure 1D ). By contrast, mod20⌬ mutants showed a range of aberrant microtubule distributions, marked by fewer, thicker microtubule bundles, which often curved around the cell tips ( Figure 1E ). We also found that the curved-cell phenotype of mod20⌬ mutants was at least partially suppressed when microtu- 
particles during interphase (Figures 2B and 2C) and to mod20p Is at MTOCs the SPB and the eMTOC during mitosis (Figures 2E-2G). To establish a more mechanistic basis for the aberrant
In contrast to the localization of mod20p satellites to microtubule distribution of mod20⌬ mutants, we detercytoplasmic interphase microtubules, virtually no mod20p mined the intracellular localization of mod20p by using was observed in association with the intranuclear miboth antibodies and GFP-fusion proteins. In living cells, totic spindle, apart from its localization to the SPB (Figmod20p -GFP expressed at native levels from the endogures 2A, 2E, and 2F). In immunostained cells we also enous promoter was specifically localized to sites of observed faint cytoplasmic particles of mod20p not asmicrotubule nucleation: at the SPB during both insociated with microtubules ( Figures 2B and 2E-2G ). terphase and mitosis and also at the eMTOC at the end These particles represent specific staining because they of mitosis ( Figure 2A and Movie 1, in the Supplemental were not observed in mod20⌬ cells treated with the Data available with this article online). During interphase same antibodies ( Figure 2D ). Although such particles we also found mod20-GFP localized to faint "satellite"
were not apparent in live mod20-GFP-expressing cells particles that appeared to line up along microtubules ( Figure 2A and Movies 1-3), they were observed in these and showed rapid back-and-forth linear movement (Figsame cells after fixation and staining (not shown) ; thus, ure 2A; see also Movie 2; additional data not shown).
it is not yet clear whether the cytoplasmic non-microtuThese satellites disappeared upon MBC treatment, bule-associated mod20p particles are a fixation artifact whereas mod20p-GFP localization to the SPB and to the or are simply too faint to be observed in live cells exeMTOC persisted (Movie 3; additional data not shown).
pressing mod20-GFP. In any case, collectively our reImmunofluorescent staining of endogenous mod20p sults indicate that mod20p is strongly enriched at known with affinity-purified antibodies confirmed the observaMTOCs and also raise the possibility that interphase tions made with mod20-GFP fusion proteins, including mod20p satellites could represent mobile nucleation complexes or iMTOCs (see below). the localization of mod20p to the SPB and to satellite Figure 3N ). After this crippled nuclecultures to warm medium, we observed nucleation of microtubules from multiple independent sites over the ation, the microtubule distribution in mod20⌬ mutants approached steady state (i.e., for mod20⌬ mutants) very surface of the cell nucleus ( Figure 3B ; [12, 17] Figures 3D and 3E) .
These results indicate that mod20p is required for new microtubule nucleation from non-SPB sites during By contrast, mod20⌬ mutants showed remarkably 
Progression into anaphase was also similar in the two
At later times after release from metaphase arrest, a strains, with 44% of nda3 single mutants and 51% of more striking difference was observed between nda3-nda3 mod20⌬ double mutants passing into anaphase km311 single-mutant cells and nda3-km311 mod20⌬ within 10 min after release (n ϭ 230 cells for each strain; double mutants. Although most mod20ϩ cells underdata not shown). This suggests that mod20p is unlikely went spindle disassembly and PAA formation within 20 to play a major role in mitotic spindle microtubule numin after release ( Figure 5C ), PAAs never appeared in cleation; accordingly, we did not observe any obvious mod20⌬ mutants ( Figure 5E ). In lieu of PAA formation, defects in intranuclear spindle structure in mod20⌬ spindles persisted for slightly longer times, but inmutants in these experiments (not shown). Interestingly, terphase microtubules appeared in the next cell cycle we did observe that mod20⌬ mutants were strongly with roughly similar kinetics in both strains (Figures 5F impaired in the growth of cytoplasmic astral microtuand 5G; Figure S1 ). To confirm that this complete abbules (Figures 5B and 5E); 10 min after release, astral sence of PAAs in mod20⌬ mutants was not unique to microtubules were seen in 73% of nda3 single-mutant mitotic arrest-and-release experiments, we also quantispindles but in only 8% of nda3 mod20⌬ double-mutant tated PAAs in asynchronous cultures. In wild-type culspindles (n ϭ 104 cells for each strain; data not shown); tures, 8% of cells contained PAAs, whereas 0% did so this defect was also observed in mod20⌬ single mutants in mod20⌬ cells (n ϭ 500 cells for each strain; data not growing asynchronously (data not shown).
shown). In order to confirm this cytological data, we also measured mitotic missegregation of a nonessential miniMicrotubule Nucleation and Dynamics in mod20⌬ chromosome [21] in mod20⌬ mutants relative to wildMutants at Steady State type cells and crossed mod20⌬ mutants with several
The perturbation experiments described above suggest spindle checkpoint mutants [22] . Double mutants of that mod20p is required for microtubule nucleation at mod20⌬ in combination with bub1⌬, bub3⌬, mad1⌬, non-SPB sites during both interphase and mitosis (i.e., mad2⌬, mad3⌬, or mph1⌬ were all viable and were obat iMTOCs and at eMTOCs), as well as being required tained from crosses with expected Mendelian frequenfor cytoplasmic astral microtubules. To investigate cells cies (data not shown), indicating that loss of mod20p growing at steady state, we examined microtubule dydoes not activate the spindle checkpoint. Minichromonamics in wild-type and mod20⌬ cells expressing chrosome loss rates in mod20⌬ mutants were only mildly mosomally integrated GFP fusions with atb2p, the minor increased in relation to wild-type cells (approximately ␣-tubulin in fission yeast [23] . Surprisingly, preliminary 6-8 times; data not shown). Taken together, these geexperiments indicated that GFP-atb2p strains routinely netic data suggest that spindle mechanics are unlikely used for assays of microtubule dynamics in wild-type to be significantly impaired by loss of mod20p. The cells [14, 24, 25] significantly compromised microtubule mechanistic basis for the small increase in chromosome integrity in mod20⌬ mutants (Table S1 ). We minimized loss rates is not yet clear but may be due to a combination of factors (see Discussion).
these defects by expressing GFP-atb2p at low levels from the nmt81 promoter (Table S1 ), although imaging break into two distinct bundles ( Figure 6 ; Movie 5). Such "bend-breakage" events were never observed in wildunder these conditions was more challenging.
In cells expressing nmt81:GFP-atb2p, a high degree type cells but occurred 32 times in mod20⌬ mutants over a period of 10 cell-hours (Table 1) . of variation in microtubule distribution and bundling was observed in mod20⌬ mutants relative to wild-type cells;
The profound defects in microtubule nucleation seen in mod20⌬ mutants raise the question as to how normal these observations were similar to those in fixed cells (data not shown). We focused our attention on microtuasynchronous mod20⌬ cells generate interphase microtubules (see Figure 1) . One possibility is that, at the bule nucleation. Over a total of 10 cell-hours, we did not observe any new microtubule nucleation in mod20⌬ end of mitosis, the SPB nucleates a small number of cytoplasmic microtubules that persist into the subsemutants, whereas in wild-type cells we observed nearly 300 likely nucleation events ( We define "de novo" nucleation events as occuring away from existing microtubule bundles, whereas "additional" nucleation events occurred closer to existing bundles and may have been derived from pre-existing microtubule fragments.
pression levels (Table S1) antibodies coimmunoprecipitated alp4-HA and ␥-tubulin, or alp6-HA and ␥-tubulin, from extracts expressing mod20-Myc, but not from control extracts ( Figure 7C , upper panels). To confirm these results, we also immunoprecipitated alp4-HA and alp6-HA from extracts of cells expressing untagged mod20p. mod20p was coimmunoprecipitated with alp4-HA and, to a lesser extent, alp6-HA ( Figure 7C, bottom panels) . Collectively, these results indicate that mod20p physically interacts with the ␥-tubulin complex in vivo. In the anti-HA immunoprecipitations ( Figure 7C, bottom  panel) , the enrichment of alp4-HA and alp6-HA in immunoprecipitates was much greater than that of mod20p, which might suggest a low stoichiometry of mod20p association. However, in the same experiments the enrichment of alp4-HA and alp6-HA was also much greater than that of ␥-tubulin itself, indicating either that there is a considerable amount of cytoplasmic alp4p and alp6p not associated with ␥-tubulin in vivo or that "core" interactions between alp proteins and ␥-tubulin are disrupted under our extraction conditions (see also [32] ). Thus, our data are insufficient to allow us to determine the stoichiometry of mod20p relative to other components of the complex.
mod20-Related Proteins in Higher Eukaryotes
The amino-acid sequence of mod20p suggests that it has a globular N-terminal domain of approximately 290 amino acids, with extensive regions of ␣-helical coiledcoil in the remaining 825 amino acids, as predicted by PAIRCOIL [33]. Using BLAST searches, we identified related proteins in the filamentous fungus Neurospora crassa, as well as the Aspergillus nidulans protein apsB [16] . Interestingly, by using the N-terminal domain of mod20p in more refined PSI-BLAST searches [34], we were able to identify within these fungal proteins a small region of sequence similarity shared with higher eukaryotic proteins (Figure 8 ), including Drosophila centrosomin [35] , a predicted zebrafish protein, and two mammalian proteins, the cyclic nucleotide phosphodiesterase binding protein PDE4DIP/myomegalin [36] and the CDK5 activator binding protein CDK5RAP2 [37] . We also found a second related fission yeast protein, pcp1p [38] . E values for these "hits" ranged between approximately 10 Ϫ39 and 10 Ϫ17 , with a sharp cut-off between the proteins identified and the next best "hit" (an unrelated protein; , and we suggest that, as in mod20⌬ mutants, During interphase, the dynamics and turnover of microtubule bundles in mod20⌬ mutants deviate considerably these phenotypes may not be the result of the ␥-tubulin complex regulating dynamics directly but rather an indifrom wild-type, and the number of mod20p-containing satellite particles associated with microtubules is likely rect consequence of altering the boundary conditions of a dynamic system. There may be parallels between to exceed the number of individual microtubules. This could suggest that mod20p has additional, as-yet-unidenthese types of microtubule dynamics and the properties of noncentrosomal, free microtubules observed in vertetified roles in regulating microtubule dynamics. However, we believe that a single defect in microtubule brate centrosome-free cytoplasts [44] . Given the striking microtubule nucleation defects obnucleation may be sufficient to explain the aberrant microtubule distribution and dynamics of mod20⌬ muserved in mod20⌬ mutants both in perturbation experiments and at steady state, it may seem paradoxical that tants, and we argue this as follows: Immunofluorescence experiments suggest that in wild-type fission they have any interphase microtubules at all. Indirect evidence suggests that microtubules nucleated by the yeast at steady state, the free soluble tubulin concentration is very low, with most tubulin existing in microtu-SPB at the end of mitosis could provide an initial source of interphase microtubules, which, over time, develop bules (K.E.S., unpublished data; this is also shown in into more complex bundles, as in our microtubule reever, we note that we did observe a slightly elevated minichromosome loss rate in mod20⌬ cells relative to growth experiments (Figure 3, Suppl. Figure 2) . In some mod20⌬ cells expressing GFP-atb2p, complicated miwild-type cells. We suggest that this could be due to a combination of more indirect effects of the mod20⌬ crotubule dynamics were directly observed at the end of mitosis, as microtubules grew out of the SPB or the mutation, such as the eccentric position of the interphase nucleus, the lack of astral microtubules, and/ spindle at the end of mitosis and somehow escaped the nucleus to establish an independent existence in or the persistence of the spindle at the end of mitosis (Figures 5F and 5G) . It is also possible that spindle dythe cytoplasm. However, because this was a relatively rare phenomenon, and separate experiments suggest namics at the very end of mitosis are altered in mod20⌬ mutants because of a lack of competition between spinthat this level of GFP-tubulin expression does perturb at least some aspects of microtubule organization in dle MTOCs and the eMTOC for free tubulin, according to the arguments about competition outlined above (see, mod20⌬ mutants (but not in wild-type cells; see Table  S1 ), we cannot be sure whether this particular behavior for example, Movies 6 and 7). Why isn't mod20p required for mitotic spindle assemis truly physiological. It is also possible that in mod20⌬ . In cold-treated interphase occur in fission yeast. A plausible candidate for the mitotic-spindle SPB nucleator is the essential gene pcp1ϩ cells, we observed a mod20p-dependent accumulation of alp4p and alp6p at the nuclear surface, and these [38] . Pcp1p shows limited sequence similarity with mod20p, specifically in the region conserved with higher proteins partially colocalized with mod20p itself. Thus, although this is not formally proven, we suggest that eukaryotes (Figure 8 ; see also below) and is localized to the SPB, where it may play a role in spindle assembly mod20p interphase satellite particles in unperturbed cells represent iMTOCs. It is possible that at any given [38] . We suggest that spindle microtubule nucleation from the SPB in fission yeast may depend on pcp1p time, only a fraction of these satellites are associated with the ␥-tubulin complex. In this light, the rapid linear and that astral microtubule nucleation may depend on mod20p. It will be interesting to determine if pcp1p and movements of mod20-GFP are particularly interesting. They could represent either mod20p actively moving mod20p reside within different domains of the SPB; an attractive hypothesis is that pcp1p resides on the nualong microtubules or, alternatively, mod20p bound to a microtubule minus end and being moved passively by cleoplasmic face of the SPB and that mod20p resides on the cytoplasmic face. In this light it is interesting to microtubule-microtubule sliding. Further work will clarify the behavior and function of these structures.
note that during interphase in fission yeast, the SPB is not embedded in the nuclear envelope as it is in budding Although mod20p is required for cytoplasmic astral microtubule nucleation during mitosis and for assembly yeast [8] . Thus, it is possible that the very limited cytoplasmic microtubule nucleation capacity observed at the of the postanaphase array subsequent to mitosis, several lines of evidence suggest that mod20p is unlikely interphase SPB in mod20⌬ mutants is actually due to pcp1p on the "nucleoplasmic" face. to play a major direct role in the assembly of the intranuclear mitotic spindle. First, in mod20⌬ mutants the Mod20p is the first protein known to play a direct role in the recruitment of ␥-tubulin and microtubulespindle itself appears morphologically normal, and in mitotic arrest-and-release experiments, mod20⌬ mutants nucleating capacity to noncentrosomal MTOCs. In both filamentous fungi and higher eukaryotes, we identified assemble and elongate spindles, and undergo anaphase, at the same rate as mod20ϩ cells. The lack of several proteins containing a small region of sequence similarity to mod20p. All are large proteins (with molecuastral microtubules in mod20⌬ mutants might have been expected to lead to a delay in entry to anaphase because lar weights greater than 120 kDa), and all contain regions of predicted ␣-helical coiled coil to varying extents. Alof the spindle orientation checkpoint [45] [46] [47] [48] [49] , but this was not observed, perhaps as a result of the lengthy though we did not find comparable proteins from budding yeast in our searches, it seems plausible that the metaphase arrest; this deserves closer examination in the future. Second, mod20⌬ cells were found to be viabudding-yeast proteins Spc110p and Spc72p fulfill the same molecular role as mod20p-related proteins but ble in combination with several spindle assembly checkpoint mutants [22] 
